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Abstract. Starch hydrolysates production converts starch to different kinds of products using enzymes 
in two steps, liquefaction and saccharification. This study investigated three types of analysis methods 
for the assessing and characterization of the liquefaction process: a rheological method (to measure 
yield stress), a chemical method (for the determination of Dextrose Equivalent DE) and a 
chromatographic method (HPLC to obtain the Degrees of Polymerization DPs). Potato starch with 
13.5% dry substance was liquefied with the enzyme Liquozyme Supra for two hours in optimal 
conditions of pH and temperature. A comparative analysis between the methods to describe the 
liquefaction process was realised. Yield stress offered valuable information on the flow behavior of 
the samples showing that after 15 minutes of liquefaction the product behaves as a fluid without yield 
point, with a decreasing value of the middle yield stress. DE had an ascending value during 
liquefaction indicating that the total reducing sugars are increasing in time. After two hours of 
liquefaction, glucose (DP1) in very small amounts (around 1%), maltotriose (DP3) and maltotetrose 
(DP4) in much higher amounts were obtained; no maltose was produced. The quantity of DP3 and 
DP4 was increasing with the liquefaction time whereas the content in oligosaccharides with DP 5 or 
higher as 5 (DP5+) was decreasing. The comparative analysis of the chemical and the 
chromatographic method showed that both methods characterize very well the liquefaction process. It 
was found that there was a strong relationship between the DE values and the total DP3+DP4 as 
measured from HPLC and also between DE and DP5+. 
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INTRODUCTION 
 
The appropriate characterization of liquefied starch is important at the analysis of the 
starch hydrolysis process for the obtaining of bioconversion products with defined properties 
(Mironescu et al., 2009). The starch hydrolysis is realized in two important steps called 
liquefaction and saccharification. A preliminary step, gelatinization, is needed to destroy the 
starch granule and so to make starch easily breakable by the amylolytic enzymes (Aehle, 
2007). Gelatinization is achieved by heating starch with water at very high temperatures 
(Waigh et al., 2000). The first step of hydrolysis called liquefaction, is realised with α-
amylases and has as objective the conversion of starch to shorter-chain-length dextrins (Crabb 
and Mitchinson, 1997). The second step, the saccharification, is made with β-amylases, 
glucoamylase or pullulanases, depending on the final product required (Robyt, 2009). The 
hydrolysis products are maltodextrins (produced in a single hydrolysis step, the liquefaction) 
or glucose syrups, maltose syrups and dextrose syrups (obtained in two steps, liquefaction and 
saccharification). 
Both starch hydrolysis steps, liquefaction and saccharification, are characterized by 
chemical, chromatographic or rheological methods. The Dextrose Equivalent (DE) offers 
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information on the total reducing sugars and is the classical indicator used at the analysis of 
the hydrolysis process. At the interpretation of DE, each reducing end of an oligosaccharide is 
considered as equivalent to a single dextrose residue; the greater the degree of starch 
hydrolysis, the higher the DE (Crabb and Mitchinson, 1997). DE can be measured by using 
chemical methods, such as the method Luff-Schoorl, based on a redox reaction between the 
reducing sugars and the bivalent copper with the dosage of the unreacted copper and 
quantification as dextrose (ISI 28-1e, 2002). 
The Degree of Polymerization (DP) namely percents of oligosaccharides (DP≥5), 
maltotetrose (DP4), maltotriose (DP3), maltose (DP2) and glucose (DP1) is used for a better 
characterization of hydrolysis (Mironescu et al., 2008). As other researches of the authors 
showed, the percent of sugars is important at starch hydrolysis, especially DP≥5 and DP2 at 
the end of liquefaction for obtaining maltose syrups or DP1 for obtaining glucose syrups or 
dextrose syrups (Mironescu et al., 2011). For example, the quantity of compounds with DP≥5 
at the end of liquefaction has to be very high for the obtaining of maltose syrups, because the 
oligosaccharides are the substrate for the β-amylase used in the next step, saccharification. At 
saccharification the enzyme needs five or more glucose molecules in the active site for the 
breakdown of liquefied starch and obtaining of maltose in high concentrations (higher as 
42%) in the maltose syrups (Van de Maarel, 2002; Robyt, 2009). The obtaining of glucose 
syrups is much easier and only the percent of DP1 is important to be known (Mironescu et al., 
2011). 
Rheology is often used to characterize starch (Neiles et al., 2003; Singh et al., 2003) 
and its hydrolysis products (Ma et al., 2006; Katoon et al, 2009). Gelatinized starch is a very 
viscous fluid (Tan et al., 2008) with an increase of viscosity of 20-times compared with the 
initial slurry (Robertson et al., 2006). After the addition of the hydrolysis enzymes, the 
rheological properties changes, the changes being due to the formation of products with lower 
molecular mass (Sun et al., 2010). Yield stress is considered as the minimum shear stress 
required initiating flow; some methods for the analysis of yield stress, as vane rheometry, 
allow also the measurement of the yield point (the maximal value of the yield stress, 
corresponding to the moment when a material begins to flow) (Tabilo-Munizaga and Barbosa-
Canovas, 2005). 
The aim of this research is to analyze the liquefaction process by using three kinds of 
methods: a chemical one to obtain DE, chromatography to determine DP and rheology to 
measure yield stress. The research intends to establish which of these three methods are more 
adequate for the characterization of the liquefaction process and if any relationships can be 
obtained. 
 
MATERIALS AND METHODS 
 
The hydrolysis was accomplished with potato starch obtained in the lab as raw 
material following the steps: potato washing, peeling, and blending, successive filtering 
(sieves with 1000 µm, 500 µm and 150 µm mesh size) (Mironescu, 2011). The obtained 
product has the characteristics: dry substance (DS) = 13.5%; protein content = 1.32% DS; ash 
= 0.86% DS.  
The enzyme Liquozyme Supra from Novozymes was used; the enzyme was kindly 
provided by Roquette Romania. Before hydrolysis, pH of starchy suspension was adjusted to 
5.5 as recommended by Novozymes for the enzyme Liquozyme (***, 2011). No calcium ions 
were added. 
A lab-scale bioreactor was used for starch liquefaction. First, gelatinization was 
made for 11 min. at 100°C (boiling). At the end of gelatinization, the liquefaction process was 
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started by adding enzyme (concentration of 1 mL/400 mL starchy suspension) and the process 
was conducted at 95°C for 2 h. 
At the end of gelatinization and during liquefaction, samples were taken. The quality 
of the hydrolysis process was assessed in time using the three types of methods chosen. DE 
was determined with the Luff-Schoorl method as described in (ISI 28-1e, 2002). The reagents: 
citric acid monohydrate, sodium carbonate anhydrous, copper sulfate pentahydrate,  acetic 
acid p.a., iodine 0.1 N (standard titration solution), sodium thiosulphate 0.1. (standard titration 
solution) and soluble starch were from Merck, Darmstadt, Germany; hydrochloric acid 37% 
was from Carl Roth GmbH, Germany. DE was expressed as percent from the total DS. 
Sugars composition (and subsequently DP) was determined by using HPLC, as 
described in (Mironescu et al., 2007). Briefly, aqueous solutions with 5% starch hydrolysate 
were used; the injection volume was 80µl. A Shodex SUGAR SP0810 column with Pb 
counter ions was used and the detection was by refractive index. The working temperature in 
the column was 96°C, and the temperature in the detector was 60°C. Pure water was used as 
eluent. The method used allows the qualitative and quantitative analysis of DP, with 
identification of compounds with DP1 (glucose), DP2 (maltose), DP3+DP4 (a peak 
corresponding to maltotriose + maltotetrose) and DP5+ (a peak corresponding to 
maltopentose and compounds with higher molecular mass).  
For the rheological measurements, a Brookfield YR-1 rheometer model RVYR-1 
was used. Torque (and subsequently yield stress) was measured by using the vane method 
with a vane model V-72 (four blades having a diameter of 1.0835 cm/blade). Vane was 1/3 
immersed in the sample. All the yield stress measurements were made at the run speed of 5 
rpm. All the rheological measurements were realised at 25oC, after the rapid cooling of the 
hydrolysates. The torque required to maintain this motion was recorded as a function of time. 
Yield stress was calculated from the measured torque using the equation from the Brookfield 
Rheometer manual (Brookfield YR-1 Rheometer, 2012): 
10
TYMCTK ⋅⋅
=τ  
where:  τ - yield stress, Pa; 
 TK – model torque constant, TK = 1 for the model RVYR-1; 
 YMC – Yield Multiplier Constant, YMC =2 for the model V-72; 
 T – Torque, %.\ 
   
RESULTS AND DISCUSSION 
    
   The evolution of DE and DPs are presented in Fig. 1, together with the functions 
associated and with the R-squared values R2. DE increases from a value near 0% to 18.89 % 
in two hours of liquefaction. The change of DE is low at the beginning of liquefaction (with 
around 2.3-3.3 % in the first hour) and increases with more than 6 units in the half-second 
hour. A relatively high value of DE, 18.89, is reached at the end of liquefaction. The slope of 
the function associated with DE is 9.564. 
 As Fig. 1 shows, hydrolysis products with different DP are obtained at the use of 
Liquozyme Supra. The main components are the oligosaccharides with DP5+, followed by 
smaller amounts of DP3 and DP4 and traces of DP1; no maltose is produced. This result is in 
accordance with previous results of the authors (Mironescu et al., 2011). The production of 
glucose, maltotriose and maltotetrose increase during liquefaction, with different slopes; the 
bigger slope is those of DP4 formation (5.42), followed by those of DP3 (3.916) and by the 
much smaller slope of glucose (0.574). The slope of the function associated with DP5+ is 
negative (-9.91), describing the hydrolysis direction of unbinding the oligosaccharides to the 
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products with smaller molecular masses maltotriose and maltotetrose. DE is mostly given by 
DP3 and DP4; the percent of glucose is very small and the maltose production is zero. 
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Fig. 1. Evolution of DE and DPs during liquefaction with Liquozyme Supra 
 
The results indicate that there is no relationship between the functions describing DE 
and the products DP1, DP3 or DP4 individually, but the functions corresponding to the 
evolution of DE and DP3+DP4 are very similar and these two indicators can be very well 
associated. The slope of the function describing the decomposition of oligosaccharides has a 
value very near to those corresponding to DE but with different signs, showing that these two 
indicators are correlated, also. The exactly calculation of the angles corresponding to the 
slopes gives -85.5o for DP5+, +83.93 for DP3+DP4 and +83.96 o for DE. Both the chemical 
and the chromatographic methods are valuable for the description of the liquefaction process. 
DE can be calculated with the formula: DE = DP3 + DP4. 
The liquefaction process can be stopped after 1.5 hours if the obtaining of maltose 
syrups is intended, because the quantities of DP3 and P4 are enough small and the quantity of 
DP5+ enough high for a successful saccharification process with the obtaining of high amount 
of maltose, as Robyt (2009) indicates. In this way, the results obtained help to short the 
liquefaction process with economy of time and energy. 
The rheological behavior of the gelatinized starch before adding the liquefaction 
enzyme is presented in Fig. 2. The yield stress reaches very fast (in 2.9 seconds) a maximal 
value of 20 Pa, corresponding to the maximal torque 100%. This indicates that the gelatinized 
starch doesn’t flow, it behaves as solid. 
The data for the gelatinized starch treated with the enzyme Liquozyme collected to 
determine the variation of yield stress during liquefaction are illustrated in Fig. 3 and Fig. 4; 
they indicate the values of the yield point and the behavior of each sample after the yield point 
was reached. 
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Fig. 2. Rheological behavior of the gelatinized starch before the addition of the liquefaction enzyme. a: 
torque as function of liquefaction time; b: yield stress as function of liquefaction time 
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Fig. 3. Rheological behavior of the gelatinized starch immediately after the addition of the liquefaction 
enzyme Liquozyme Supra 
 
At the liquefaction start, the product behaves very differently from the gelatinized 
starch (Fig. 2) or from the liquefied starch after 10 minutes or more of liquefaction (Fig. 4). 
The product has the yield point of 1.1872 Pa resulted after 13 seconds of analysis, which is 
surrounded by other peaks with smaller yield stresses (Fig. 2). This indicates a specific 
behavior immediately after the addition of the enzyme; the product begins to flow very fast 
(in seconds) and reaches intermediate yield stresses.Even after the yield point is obtained, a 
new peak of 1.612 is observed after 17.4 minutes of analysis. This behavior could be due to 
the presence in the liquefied starch of oligosaccharides with higher molecular masses which 
restructures during mixing. Then small oscillations are obtained, most probably due to the 
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rearrangements of the molecules occurring during the rheological analysis. The yield stress 
has a descending trend in time with a slope of -0.0007 (Fig. 3). 
The sample after 15 minutes of enzyme action reach a yield point 10-time smaller 
(around 0.14 Pa) in the first 30 seconds of analysis, the result showing that the product still 
behaves as solid for short time and then begins to flow. As for the product after the addition 
of enzyme (Fig. 3), small oscillations are obtained, probably due to the rearrangements of the 
molecules during analysis. The yield stress shows a descending trend in time (Fig. 4). 
In the case of analyzing the liquefied starch after 30 minutes liquefaction or longer, 
no a quasi-similar behavior without yield point is observed (Fig. 4). The product behaves as a 
fluid from the beginning of the rheological analysis, indicating that from the rheological point 
of view the liquefaction is finished.  
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     Fig. 4. Rheological behavior of the gelatinized starch at different times after the addition of 
the liquefaction enzyme Liquozyme Supra 
  
The trend lines obtained for the samples analyzed after 30 minutes of liquefaction 
and longer (Fig. 4) indicate a decrease of the yield stress in time during liquefaction (the trend 
lines have increasingly smaller values).  
As in all other cases, oscillations of the yield stress are obtained. The analysis of 
these oscillations shows quite similar variations for the samples obtained after 30 and 60 
minutes of liquefactions and for the liquefied starch after 90 and 120 minutes. This behavior 
can be explained by the changes occured the composition of the liquefied starch (the 
reduction of oligosaccharides with higher molecular mass and the increase of those with 
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smaller molecular mass) as the results regarding the composition in sugars and DE indicate 
(Fig. 1). The end of liquefaction could be appreciated rheologically, but this hypothesis has to 
be proven by more experiments. 
 
CONCLUSIONS 
 
The three quality criteria analyzed in this research: DE, PDs and rheological behavior 
(yield stress) are important for the characterization of the liquefaction process and for the final 
product, the liquefied starch. DE offers information on the total reducing sugars, being helpful 
at the establishment of the liquefaction end. DPs indicate the exactly composition of the 
hydrolysis products during liquefaction, with increasing slopes for DP1, DP3 and DP4 (the 
values of the slopes increasing in this order, from 0.5 for glucose to 9.5 for maltotetrose) and 
decreasing slope for DP5+. Yield stress has the advantage of being rapidly measured and is a 
good technical indicator showing the moment when the fluid begins to flow; yield stress 
shows also if changes in the liquefied starch as molecules rearrangements and restructuration 
occur. Therefore, all three types of analyses are necessary for the complete characterization of 
the liquefaction process and of the liquefied starch. 
Both the HPLC and the chemical methods are valuable for the description of the 
evolution of liquefaction process in time and some relationships between them can be 
established. The evolutions of DP3+DP4 and DE or DP5+ and DE are fairly close, the 
function obtained having similar slopes but with different signs, negative for DP5+ and 
positive for DE and DP3+DP4. The relationship between DE, DP3 and DP4 is DE = DP3 + 
DP4. 
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